to the two classes of tubercle bacilli.
The preceding study (16) describes experiments which demonstrate a statistically highly significant correlation between the ability of Mycobacterium tuberculosis strains to elaborate strongly acidic lipids (SAL) in culture and their relative order of virulence for the guinea pig. Because the mycobacterial sulfatides (SL) (13, 15, 21) are, in most virulent strains, the principal contributors to this strong acid activity, an equally significant correlation can be drawn respecting SL.
Our initial studies with 10 of the extensively studied British and Indian strains (8, 22, 24) failed to confirm an earlier-established SL infectivity correlation (9) , owing especially to several exceptional strains: F, attenuated but prolific in SL; H, highly virulent but modest in SL production; D, comparable to H in SL elaboration, but of low virulence. Thin-layer (TL) chromatograms of the lipid extracts from the 10 strains suggested that distribution of what appeared to be two nonpolar lipids of similar mobility separated the strains into two groups, one populated by the most virulent and the second populated by the attenuated strains.
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The present more extensive studies confirmed that nearly all of the attenuated strains of the present series are characterized by the same nonpolar lipid and that it is not found in any of the more virulent members (Mitchison root index > 1; see preceding report [16] ). Because this distribution is statistically highly significant, we have provisionally designated this substance as the "attenuation indicator" lipid (Al). On the other hand, the companion substance, recognized at first only in the virulent strains, is in fact ubiquitous among all members of the series and is a family (homologues) of phthiocerol dimycocerosates (DIM) (27, 30) .
We have not yet ruled out a role for DIM in virulence, however. When we recognized that a single strain of H37Rv routinely cultured for SL production had lost its ability to elaborate DIM, we inferred and subsequently confirmed a profound attenuation in virulence in the presumed mutant. This strain produces neither DIM nor Al, but is as prolific in sulfatide production as the parent strain, phenotypic characteristics which have been retained for several years.
However, since the parent strain has been lost, the aberration in DIM synthesis cannot unequivocally be identified as the signal for the attenuation. (The parent strain may yet be recoverable from frozen and stored lungs of mice aerogenically infected with the strain before the presumed mutation. DIM, as well as mycolic acids, trehalose, and hexacosanoic acid have been identified as components of lipids extracted from these lung bacilli [M. Goren, B. C. Das, and W. Segal, unpublished data].) Among the present series, testing of lipid extracts by several criteria allows a reliable division of the strains into the two groups: if an M. tuberculosis strain produces DIM and relatively high levels of SAL (16) and if Al is absent, the strain is most probably virulent. On the other hand, presence of AI appears to be definitive for attenuation, even when high levels of SAL are produced.
MATERIALS AND METHODS M. tuberculosis strains, culturing, and lipid extraction. The 40 patient isolate strains, culturing, and extraction procedures were the same as described in the preceding report, the quantitative data on SL and SAL elaboration being incorporated into the present section.
DIM and the AI lipid. As originally discerned, DIM in extracts of virulent strains is essentially homogeneous, whereas Al in extracts of most attenuated strains is a mixture containing unseparated DIM. Detection of the lipids was first carried out in a solvent system which separated these from the re (Fig. lb) . AI developed a more rose color when it was separated in this manner from DIM. By preparative TL chromatography in either solvent system, the individual or mixed substances may be recovered and are readily recognized as belonging either to the attenuated or potentially virulent series by the distinctive infrared patterns.
Mass spectrometry. Mass spectra of both crude and purified preparations of DIM and AI and of hydrolytic degradation products were kindly provided by Bhupesh C. Das of the Institut de Chimie des Substances Naturelles, Gif-sur-Yvette, France. Henry Fales, National Heart and Lung Institute, provided us with elegant combined gas chromatographic-mass spectrometric analyses (GC-MS) of the methyl esters derived from DIM and AI. Highly informative mass spectra of the glycol moiety of AI were kindly provided by Sanford Markey, University of Colorado School of Medicine, and by B. C. Das.
Virulence studies. Relative virulence of several of the strains was assessed by the methods described by Gangadharam et al. (8) Hartley strain guinea pigs were exposed.
The result of the infection was determined at 4 weeks and at 8 to 9 weeks after exposure. The animals were electrocuted; the lungs were fixed in 10% buffered Formalin for counts of lesions on the surface; the spleens were homogenized in 0.2% bovine serum albumin, and appropriate dilutions were assayed for colony-forming units on oleic acid-albumin agar plates. Analysis of the data was by Student's t test.
Peroxide susceptibility studies. These were carried out on several strains by the methods described by Subbaiah (31) and Mitchison (22, 24) (90-min exposure to 0.02% hydrogen peroxide, dilution, and plating).
RESULTS
Distribution of DIM. Thin-layer chromatograms of lipid extracts from all of the strains 4000 3800 3600 3400 3200 were examined. With the sole exception of an H37Rv mutant (vide infra), all of the strains, whether virulent or attenuated, elaborated DIM in culture; the Erdmann strain, fully virulent H37Rv, and several patient isolates of our own all elaborated DIM and high levels of strongly acidic lipids. DIM was recovered from many of these extracts and its identity was rigorously established: from interpretation of the infrared spectrum (Fig. 2a) , by comparison with published infrared spectra (27, 30) , from analytical and mass spectrometric examination of the hydrolysis products (identification of phthiocerol and a series of mycocerosic acids), and from the identity of chromatographic behavior, infrared patterns, and mass spectra of several of our samples with a DIM which we recovered and extensively purified from wax C (27) . Mass spectrometry data further provided rigorous evidence that DIM from both attenuated and virulent strains is substantially identical.
Specific absorption bands of Fig. 2a consistent with structural features of DIM include the absence of hydroxyl absorption in the region 3,500 cm ', the deep ester absorption band at 1,745 cm-l, and the broadened, relatively deep band at 1,380 cm-I attributable to methyl branching and methoxyl CH3 groups.
Distribution of the Al. (vide infra), it is levorotatory: "2 = -9.1°( trimethylpentane; c = 0.004).
The infrared spectrum (Fig. 2b) (Fig. 4) .
From similarities in the infrared spectra of AI, DIM, and mycosides A and B (10) (11) (12) , and from our interpretation of the complex AI mass spectrum (to be detailed in a separate communication), we inferred that AI is probably closely related to and perhaps identical with the (methylated) aglycone lipid moiety of mycosides A or B (5, 10-12) (see Fig. 5 and 6 ). That is, AI lacks the carbohydrate fragments ordinarily glycosidically linked-1o the phenolic hydroxyl, but is instead methylated. Substances of presumably identical structure have been synthesized in previous studies of the Lederer group (5, 11, 12) by methylation of the phenolic aglycones (lipid A or B), products derived from acid cleavage of the carbohydrate fragments from the respective mycosides (see Fig. 6 ). Our present structural studies confirm the identity of these partially synthetic earlier products with naturally occurring AI.
Details of our degradative studies with supporting mass spectrometry data will be published elsewhere. In brief (see Fig. 6 ), alkaline 153 VOL. 9, 1974 on October 24, 2017 by guest http://iai.asm.org/ Downloaded from GOREN, BROKL, AND SCHAEFER hydrolysis of Al afforded a mixture of carboxylic acids which were identified by GC-MS examination of the methyl esters (H. Fales). Palmitate-stearate were equally abundant in the lower-molecular-weight region. On temperature programming, five homologues of mycocerosic acids were clearly identified by their very characteristic mass spectra (2, 11), C29 and C30 mycocerosates being the most abundant, with lesser amounts of C 27, an apparent C 2., and C32-
The second product of alkaline hydrolysis, designated "AI glycol" (Fig. 6 ) (mp 51 to 52-C; cf. 5, 12), is essentially identical with the previously described methylated phenolglycol B derived from mycoside B. The mass spectrum of the Al glycol (B.C. Das) was an exact duplicate of that of the latter substance (11): the principal molecular ion M+ 562 was accompanied by a smaller molecular ion peak at m/e 590 attribu- DIM-less mutant of H37Rv. In examining the TL pattern of some dozen accumulated H37Rv extracts, we found several in which the indicator lipid spot was absent. The remaining samples were normal and contained DIM. We have routinely cultured on large scale a single strain of H37Rv for several years for sulfolipid production and have ordinarily transferred small amounts of veil to slants for the succeeding inoculum. The aberration in DIM synthesis was traced to a specific episode of mass culturing in which inordinate difficulty was encountered in establishing inoculum growth in Tween-albumin medium. After this incident, all of the succeeding cultures yielded lipid extracts in which DIM was absent-but in which sulfolipid production was nevertheless undiminished. The lipid extracts from harvests of culture preceding the aberrant growth behavior were normal and contained DIM. The alteration presented us with an opportunity to assess whether the loss of DIM might be attended by an attenuation in virulence. Owing to the unavailability of the parent strain, we accepted the compromise of comparing the virulence of the presumed mutant line with that of a fresh sample of H37Rv obtained from the Trudeau Institute. The latter produced the normal distri- bution of lipids in culture, and DIM was isolated and identified.
Comparison of virulence. Two sets of experiments were performed in which guinea pigs were aerogenically infected with single-cell suspensions of the two strains at low, equal levels of exposure. Data from the first experiment (eight guinea pigs in each group) are summarized in Table 1 . Though the mutant strain elicited significantly fewer surface tubercles at 29 days than did the Trudeau H37Rv, the difference between the two groups at 50 days was considerably greater: the surface tubercles were maintained in the animals infected with the Trudeau strain, whereas those initiated by the mutant had essentially disappeared; lungs of three of the four animals were free of lesions.
A similar pattern was seen in the second experiment involving 14 guinea pigs in each group; 5 were killed at 34 days and the remainder were killed at 64 days. In this experiment, logs greater than those of the mutant. Examined by Student's t test, the data are seen to be significant (P < 0.05). The attenuation in virulence may be associated with the loss of DIM synthesis.
DISCUSSION
In the preceding report (16) we developed the thesis that elaboration of defined, relatively high levels of strongly acidic lipids may be a necessary requirement for expression of virulence in M. tuberculosis. The consistency with which we subsequently observed DIM in the virulent strains and did not recognize it in the attenuated strains led us to the further inference that DIM elaboration may also be a requisite characteristic. The DIM-less H37Rv mutant was studied specifically because of its unique (within these numerous strains) biosynthetic aberration. However, E. Wolinsky has offered the valid criticism (personal communication) that a DIM requirement is not unequivocally demonstrated through comparison of the mutant strain with other than the true parent strain: the attenuation could have occurred at an earlier stage in this long-cultured organism.
Since subsequent refinements in our techniques showed that the wild-type attenuated strains also produce DIM, a role for this substance in virulence or even as an indicator lipid appears to be contra-indicated. Still, the H37Rv mutant elaborates neither DIM nor the similarly structured Al. The biochemical lesion therefore might rest in an inability of the mutant to synthesize either mycocerosic acids or phthiocerol-like alcohols-or to esterify these if they are synthesized. As a perhaps comparable situation, phthienoic acid has been isolated only from human and bovine virulent strains of tubercle bacilli; it is evidently absent in nonvirulent strains (see reference 1, p. 102). The relevance of DIM or its precursors to the virulent state may, however, be tested with additional strains exhibiting DIM deficiency. Indeed, some have previously been recognized: Smith et al. reported that (in addition to BCG) 2 DIM-less human strains of tubercle bacilli were found among some 30 which were examined-the Brevannes and the Pearson strains-but it was recognized that the strains would need to be "examined further before significance can be attached to this finding" (30) . Whether these specimens are DIM-less mutants of the original virulent strains or retain virulence in the absence of DIM would be informative.
The significance of AI as a criterion for attenuation, on the other hand, appears to be more secure. Its impressively high incidence among, and its restriction to, the attenuated strains of this series suggest that its presence may be taken as definitive for the attenuated state. When tested by chi-square, the specific distribution is seen to be statistically very highly significant (P << 0.001). Moreover, with only two exceptions (strain F and a second strain of Mitchison index about 0.8) (Fig. 3) , the remainder of the attenuated strains characterized by AI produce only meager levels of the acidic lipids. In the two exceptions, we submit that AI is evidently the dominant determinant.
Several other exceptional strains (specifically identified in Fig. 3 ) require consideration. Strains 6636 and 6558 would be judged by the criteria of SAL elaboration, presence of DIM, and absence of Al to be virulent strains, but were originally classified as attenuated (index < 1). On the other hand, strains 6631 and 6839, classified among the virulent strains, would be judged as attenuated because they produce very little SAL in culture, although lacking the AI lipid (like strain 6981). Rather than test these by the more elaborate infection studies, we LIPIDS RELEVANT TO M. TUBERCULOSIS VIRULENCE sought additional, though perhaps not definitive, evidence in the simpler H202 susceptibility tests described by Subbaiah and by Mitchison. We found that strains 6558 and 6636 are highly resistant to peroxide (-100 and 85% survivors, respectively); strains 6981 and 6631 are highly H202 susceptible (5 to 10% survivors) and may therefore be considerably attenuated. However, the DIM-less mutant of H37Rv appears no more susceptible to H202 than the comparison Trudeau H37Rv strain; data for 6839 are somewhat ambiguous and are under further study. We nevertheless submit these results in partial support of either a possible original misclassification of some of these exceptional strains or of an alteration in virulence characteristics which occurred during prolonged storage-an eventuality that cannot be ruled out.
Signif'icance of the Al lipid. The separation, on the basis of the presence or absence of Al, of the 40 strains into two apparently distinct major populations at Mitchison root index of about 1 is in accord with a biomodal distribution in virulence spectrum suggested earlier by Mitchison (22, 25) . (Yet a third population of tubercle bacilli, not represented in the present series of strains, has been recognized. Although the status of transformation in mycobacteria is somewhat controversial (33) , the remaining processes have been elaborately documented. It is evident from a host of studies that virulent tubercle bacilli are endowed with receptors for a variety of mycobacteriophages (6, 19, 20, 28, 29, 32, 34) . Indeed, mycobacterial lipids are implicated as receptor site substances (3, 18 ; see also Sellers and Tokunaga in 19); specifically, mycoside C of M. smegmatis has been identified as the receptor site substance for phage D4 (7, 17) .
It has not yet been demonstrated that other mycosides (A, B, G) have phage receptor site activity. Indeed, we suggest that it would probably-be simply fortuitous, since the term "mycoside" is not structurally definitive. Nonetheless, the wide distribution of the phthiocerol mycocerosates and their aromatic variants (AI, mycosides A, B, G) tempts us to speculate that they may possibly have such a role. Since the phthiocerol ester "backbone" is common to M. bovis, M. tuberculosis, M. kansasii, and other chromogenic species, it may provide, via specific phages, the interspecies means of access to genetic information.
It is reasonable that any of the speculative pathways may have contributed to the evolution of two populations of tubercle bacilli, one of which incorporates at least variants of some phenotypic characteristics of atypical mycobacteria or of bovine strains. AI was evidently not seen in the extensive earlier studies of Smith and Randall (30) , for in these careful studies it would immediately have been recognized because of its resemblance to mycosides A and B.
Still, confirmation of AI distribution among strains of geograpfiic origins different from those of the present series, e.g., from the western hemisphere or from western Europe, should be sought. Additionally, some of the genetic pathways about which we have speculated invite exploration. Admittedly this is technically difficult and there is, of course, no assurance at this point that the evolutionary relationship between the different species of mycobacteria is the one suggested here.
